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Abstrac!

The precision and stability of motion achievable with
the human hand limits current microsurgical  practice. Were.
it possible to overcome these natural limits, better proce-
dures of the eye, ear, hancl, brain, and spine would result.
Such issues of dexterity cnhanccmet// lie not only with scal-
ing down surgical skills of the most gifted, but also address-
ing widely variable skills of the entire surgical community.
To this end, we are developing a new system for mbof
assi.rfcd micro.wrgeCY  (RAMS]. The concept at large for this
development, guided by reviews of a NASA-convened Med-
ical Advisory Board,  is a position-scaling 6-d. o.f. micro-teJe-
manipulator that incorporates bi-iateral  master-slave force-
reflcction and tremor compensating controls. At this point in
time, the Jet Propulsion Laboratory team has completed
design, fabrication, and initial bcnchtop  engineering tests of
a RAMS slave with several significant features. This robot
and its task-space controls enable relative tip positioning to
better than 25 micror)s  over a continuous workspace greater
than 400 cubic centimeters. Robot actualion  is basecl on a
new revolute joint and cable-drive rnechanisrn that achieves
near z,cro backlash, crms~ant  cable Icrlgtb excursions, rnini-
rniz.e.d joint coupling, and car) sustain full extent loads of
over three pounds. We report on this robot clcsign, the pre-
liminary cxperirntmtation, and ongoing development of a
related rnicm-master.  (lgyvc!td~.  r<holic Illfltrijllllciiov.s, telc-
su rg c ry, co)]rputct  ctrlralrccd ,silt:qi(al dextefity  prwisim
sutgc,ric’,s)

1  lntrocluclion

Thr or-ganiz.ation  of our paper is as follows, in Section 2 we
outline some of the medical issues that guide our work  and
its particular systcrns  design approach. Spccificallyi we
define a conccpl  of”dcxlcrity cllllilt~rcrl]crlt,” and its cnlboCl-
irncnt in rnas(rr-slave tclcrrl:ltlil>~ll:lt(~r  design. We have noted
sornc of these points and OIIWIS  in remnl br-iefings to the
rnc.dical community [ I ]: tilis is our firsl wril(cn  synopsis. in
Sc.etion 3 WT dcscribc our’ Rt)b(lt  Assis(e.d M i c r o s u r g e r y
(RAh4S)  slave prototype. its ul]dcrlying design l’caturcs. and
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results of some preliminary engineering tests [2]. In Section
4 we conclude, sketching our’ cieveloprnental progress on a
complementary surgeon’s micro-master hand controller.

2 Dexterity Enhancement & Design Issues

There are significant human factors issues impeding the
advancement of microsurgery. Co] lectivel y, the challenges
fall in two areas: first, inability of surgeons to resolve their
manual dexterity into ever finel-, more subtle procedures, and
second, variability within the surgical population, and even
the individual surgeon, in performing day-to-day procedures,
e.g., as reflected in operating  characteristics such as excess
force, tremor, overshocrt/urlder-shrmt,  etc. Therefore, any
broad-scope medical robotics & computer assisted advance
for microsurgery should seek to both extend and normalize
manual dexterity, i.e., provide de.~/crit~’  enhatrcmwrr.

Among the rnicrosurgical  areas that WOUICI  benefit are:
● eye (vitreoretinal  / cornea / glaucoma / refractive)
● ear (s(apedectomy  / acoustic tumor)
● hand (reimplantation of digits / hands)
● free graft (vascular anastornosis)
● neurosurgery (robotic assisted & image-based)
● cranimfacial (reconstruction / nerve tissues)
● cztlciio-~’:lsclrlal-  (pediatric / slnatl features & vessels)

Relative [o use of availablr  nliclosurgical tools in the
above procedures, we havr dr:lwt~  some qualitative guide-
lines for dexterity enhance]ncnt  desiyn.  These observations
are based on Charles’ and nwdical collca:ues  subjective OR
experience, as well as thci]- inl’hl-l)lal assessment of some
quantitatively instrunlentcd  clinical procedures [3].

l<elativc  perlorrnance  of hand nl(~lions
● positioning while actuating: lv[)[s(
● pure rotation: moderate
● telescoping rnolions:  bctlcl
● pitch/yaw motions: bcs(
●  general: writin:  -like m{~tions

and wrist functions I’hvol-cd
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First order svslem desire inlprrwements
● lighter tools recluce fatigue ancl tremor
● shorter tools reduce torque load anti systematic track error

(e.g., disturbances from tubing, cables, and fibers)
● non-vibrating tools, e.g.-held tools, contoured tools (less

grasping force required) improve haptic dexterity

Second order system desi~n in~lwovements

● power actuation reduces task load on surgeon’s hand
(power gripping, power culting power clipping/ stap]ing)

● intrinsically powered functions (drilling / laser / ultrason-
ics / cautery)

Third order svstem design in~movenmnts

● hand held tools (power rotation, power telescoping)
● Jill 6 dof master-slave Icleopcration;  1 ) surgeon moves a

master hancl controller in a natural kinesthetic (and haptic)
reference with slave robot tool; 2) control computer calcu-
lates and commands scaled & enhanced slave motion (ref-
erenced to human manual controls performance model,
and available closed loop contl-ols)

2.1 Telcmanipulator  Design Considerations

We next survey some issues for design of a surgical nlicro-
telemanipulator. our comments are focused towarcl  what
will make a device: 1 ) broadly useful in microsurgery, n~ini-
ma]ly invasive surgery, ancl tbeil- extensions to image-guided
therapies, 2) readily acceptable by the medical community,
and 3) a reasonable candidate for FDA certification. While
the underlying assumption in OU]-  comments is physical col-
location of the. surgeon and clcxterity loo], many ideas here
should carry over to remote, telesurgical  operations.

The metrics by which cicxtel-ity enhancement can be
judged inclucie position s(abiiity,  position accuracy, resolu-
tion, velocity limits, acceleration limits, force limits, tl-emor
and singularity free range of motion. The parametrization
of tilese performance factors natLlraily varies with procedure,
but there. are some generai  extrapolations. Typical nlicrosur-
geries  obtain 100 micron relative imsitioning,  and some
benchmark cases (~itre.(>letil):li, vascuiar  anastomosis)  have
acbicvcd  50 microns, A 2-tt~-5x mecilanical  scaling reduc-
tion wouki  yield m:ijor  bl-cakthroLlghs  in ophthalmology,
otology, trILci most other arms noteci above, ];ven 1: I rcpiica
scaling with tbc cO1llJ]Lltcr-(lcxtcrity assists we. note would
significantly incrcasc  positive oLltconlc rates. Tbc sLlrgical
work fieid varies with proccciLlrc, and ti~e rcqLlil-cnlents of
vitreoreti nnl practice provi(ie some gooci benchmarks: 10-to-
20 cubic cenlimctcrs spimricai VO]Llllle., l“eqllirin:  up to ] 20
ciegree portal access anti lclescx)ilic iwccision  motions, pref-
erably  witi] minimai  indcxin:  an(i Lmss-coupiing  in the cmn-
m a n d  iIxcs. Thus, thcw i s  a gcnel;ll (icsi:n issll~ Oi’
inlplcmcnting large ranges (lf (~-[i.().f.  nl{)lion with higi] rela-
tive positioning accuracy in t(~(~l-rcl’elctlce(l  frames (Wilct  her
te]copcmtivc  or :lLlt(Jt~ol~l[)Lls),  (;ivcn tilis robotic i>l”ecision,
the sLlrgcon nlLlst bc able to cxi>i{~il  it, anti my(xionic tremor
and jerk arc two impcciing  faclors, These. n]anLuii conlmi dis-

turbances, lying in a nominal 5-to-lo Hz bandwidth, are
present in varying ~fcgrec~ in different individuals and, at a
given time, vary in any given inciiviciua[.  Tremor is function-
ality dependent on many operative and personal influences,
including hand position, band orientation, muscle fatigue,
payload, surgeon strength & conditioning, anxiety/personal-
ity/stress/observers, inexperience & age, caffeine intake,
congenital  factors, ciifficL)]t  cases, and case order ,& skill
accommodation (first case being the worst). As an intuitive
technical strategy, low-pass fiitcring of tcleoperative  manual
inputs will facilitate the tremor problem in some procedures,
but often introduces penalties in closed loop response (loss
of tracking stiffness/sluggishness, decreased haptic transfer
in direct force reflection mocics). ]n general, surgically
acceptable strategies of “tremor  compensation” should not
require in-line programming, increase task times, or cause
perceivable latency. Such compensation should be adaptive
to different tremor proti Its, and simuld also be independent
from velocity limits.

The useful role of force presentation in microsurgical
telemanipulator design is a somewhat complex issue. From a
systemic viewpoint, force feedback (and gravity con~pensa-
tion) can be used to decouple the weight and inertia of both
slave tooling and master positioner- from the surgeon’s hand
controi. Conversely, introduction of force reflecting mechan-
ization may increase master mechanism friction, stiction,
inertia, and other back-drivability factors that impede
smooth, precise position control,

The proprioceptive benefits cd’ surgical force presenta-
tion include contact and change cictection, textural sensing
(bone, fibrous, soft tissues), nlociL!iation of penetration &
cutting pressures, and the gencraliy observed reduction of
task times [4]. Direct coupied force-feedback, even when
highiy scaled (which introciuces  corresponding issues of
closeci ioop stability and tracking), may not be the best strat-
egy for delicate procedures of the eye, ear and other -- useful
alternatives inciude ac-coLlpled, anci cross-modal presenta-
tions -- e.g., vi bro-propriocei>  tivc f’ccxlback. lncieed, based on
operating room (OR) experience, sLlrgical training observa-
tions, ami some instrumentc(i operative data, we suggest that
the greater value of force presentations may lie in establish-
il]g synthesized boLln(iaries on position, vc]ocity, force/acce]-
mrtion limits. By way of’ cxampics. sucil position boundal-ies
might inc]udc:  I ) sL]rgeoll-(iclil~c:lt~>ci  and knowledge-based
anatomic landmarks an(i wayix)ints. 2) references deriveci
from implanted fi(iucials  and iregislcrcci pre-operative imag-
ery (from N! RI, CT, 31) (iigita] sui>tl-action angiogl-aphy), an(i
3) intraoperative  illl:lging  (h4R :InCi 31) uitrasorrnci)  features.
Thus, there ale potentially intclcstinp overlaps in dexterity
enimncement  design and imayc-gLlicicci therapies. Regarding
the motivation for velocity cx)nslraincxi controls, some re:i-
sons incl Llcie maintaining corlecl ikc[i-ra(e f“or power cutting
tools, n)inimizirr: Iissuc disi)laccl))cntl avoiding excessive
thcrmai cff’ects, offsetting ciojyin:/ winding/ shl-ecfding, anti
;Icco]]}]])od:itit]g time dciwn Lien I non-linear tissue yiel(i
strcnglh (slrclching  versus hwakin:  l“actors).



In closing this section, wc comment on a few robotic
system design considerations. The first is advanced tool
functions -- the commercial viability of end market distribu-
tion channels for robotic technology in the OR is at leas( as
strongly defined by the end-tc]oling  returns as the robot plat-
form itself. Viewed in the context of both nlicro-and-mini-
mally invasive applications, dexterity enhancement platform
end-effecter functions will likely include cutting (power
scissors & shears), gl-ippi ng (power forceps & clamps), imi-
gation/sucticm (servo controlled), coagulation (servo RF &
multi-spectral diode laser), device application (power clips,
staples, implants, stints, and fixtures), and drilling (brushless
DC motors k pneumatic drives). Complementary visualiza-
tion systems for dexterity enhanced sur~ery include the oper-
ating microscope, binocular operating loupes, unassisted
eye, optical and CCD cndoscopes.  Relative to slave nlanipu-
lator use in all functions, it will be important to have zero
motion on master release. The rationales include both safety
and value-added design: e.g., medical emergency of surgeon
or patient, tool changeouts, shutdown because of system run-
away, and force or position-controlled robotic assistance
(deployments, retractions, end-point camera manipulation,
etc.) in minimally irlvasive surgical applications. A final con-
sideration, tied to both design and human factors, is whether
surgeons will readily accept robotic dexterity enhancing
developments. There is some preliminary evidence in favor:
widespread surgeon use of ]nderal prior to surgery, frequent
discussions about surgeon’s “hands,” (anecc]otal and pejora-
tive observations), and the now wiciespread  adoption of
operating microscopes, tool miniaturization, stcreotaxic  sur-
gery and wrist support sys(cms.

3 Slave Robot I)evclopment

The .11’1., team, workin:  in a commcrcializ.ed  cooperation
with Charles et al., has designccl,  deveiopeci,  and begun  engi-
neering tests of a new 6-d.o.f. manipulator for robot assisted
microsurgery (RAMS). Chadcs  has pmvicieci detailed sys-
tem requirements and conceptual gui(iance, reflecting many
of the medical engineering issues noted above.

As part of an ove.rail ll~icro/l~~illitl~ :iily-irlv:lsivc  surgical
ciexterit y piat form conccp(, a final commcrcialize[i  robot
slave design wouicl  function in the ibllowing  context

●  moduiar  hal-ciwat-e & sof~wa[-c
● one or lwo sL]ch nlanipulnlors
● same master for all specialties
● same positioner f’ot- mosl  payloa(]s
● same conlm]lcr f’or all specialities
● interchangeable enci-cflk.c-tol- tooi iog

Tile OR setting f’ol (he slave, as illuslrate(i in Fig. 1, assumes
mounting options wilicil  include i)assive suspension (ovcr-
ilanging Ialgcr  arln), a regislmcd  mask confcmnai with the
surgical area (e. g., hea(i/face n]ounleci). and/or opticai track-
ing aoci aclive stabiiiz,alion of lbc r’t~bot wilh patient induceci
moverncnt  of the sur’gicai Ililll)e.

.

As defined at this time, sterilization, setup, and system pre-
operative checkout assumptions for (he slave robo[ include:

●

●

✎

✎

●

●

ETO sterilization as a preferred mctilod
autoclavable or soakable  in emer~encies
a resposabie  cover for motors / encxxiers
stowed in case in 0,0,0 position
a protective case for encoder, motor, & actuator with
calibration and testing before  anesthesia is initiated
protective case removed just before operative use

Figure 1: ikfastcr-Slclw  Dcxtcvity  I<nhaacentcnt Concept

3.1 Slave Design Feat,ures

Our first technology development in support of the above
objectives is a small six-d .o. f. surgical robot (’<slave”) having
torsmshoulder-elbow  (t/s/e) bocly configuration with non-
intersecting 3-axis wrist. Fig. 2 iligiliigilts some of the robot
mechanical features: tile six-d .o. f. arm and attached nlotor-
cfrive base (torso roll irnplemcntcd  inte]-na] to base), the 3-
d.o,f. wrist derived from a Roshcim [5] kinematic (Ross-
Himc designs, ]nc., h4inneapolisi MN)., and a new JPL
double-jointed tendon dri VC. rot ary joint mechanization used
in s}~ouldcl--al]ci-e.lbow’”  actuation. Collectively, the joint
actuation scheme anti the robo!’s novel pre-loaded cable-
drive mechanization, Iatel- ciiscusscxi,  achieve near zero
backlash, constanl cable length cxcutsions,  an(i minimized
joint coupling. Out- work is closest  in si)il-il to prior pioneering
efforts of Hunter et ai. [6], who iMvc to date performed
significarlt en~ineeriag cicveiopmcnt and quantitative
characterization of” a f’brce.-rcf’lecting teleoperator  for
nlicrosurgcry,  By  compariw)n [t) t h i s  m o r e  m a t u r e
iightwcigill parailci-iink  robot  s)stcm,  the J~AMS design
targe[s a lcsse]- posilion scaling (-3:  1 ). a large ioclucied angle
of surgical access (W- I 20 cirgrer  cone.), a large continuous
workspace of 30[)-500 cm’k:i 3, il non-i n(icxe  (i, non-singular
instantaneous work voiumc 01” -20 CnI:k*3,  anti mechanically
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Fig. 2: k!ohot A ssistcd Microsurgery (RAMS)  manipulator;

[WI /cJf: the six-degree of’ fruxkm)  cable-dl-iven mbo[ arm (length -25 cm, ou(er  clian]cle]- -2.5 CIII), with motor-drive base and
s(crilc contain  lncnt (torso rolls 165 drgrecs within); at upper righf: the Roslleil~~-clcri\’e(l 15] (ht-~’c (lcgrec-of-freeclol~~  wrist
ennb]ing  180 dcgrccs l]i(cll-:ll~ci-y:lt~  and 540 dc.gl-ees  continuous roll; and  Iowr righl: (I)c cable-d]iven double-jointed
n]cchanism  cnab]ing  full 3(X) dcgrcc rotary motions in the shoulder an(l elbow, while ciccoupliny interactions bc{wecn the
primary joints]



stiff prccisicm  trackin~ al low speccls with a higher loads (up
to 3 lb. full-extent with minimized backlash, stiction,
deflections, etc.). We note also the related efforts of
Salcudean  et al., Grace ct al. ancl Green et al. to develop force-
reflecting te]eoperati  ve systems for medictil applications
including telesurgery, as they have reported in recent
conference papers [7]. In particular, while addressing
surgeries of conventional scale (e. g., laparoscopy), the SRI
telepresence system of Green ct al. is another rna(ure  J-l&l>
effor(  that has been demonstrated in simulated surgeries.

We ncx( summarize the robot clcsign features, and
outline considerations of our ill]l~lelllelltatiotl  approach.
Where appropriate, and known, we give quantitative
information. We have as yet done relatively little modeling or
quantitative experimental analysis of the robot kinematics k
dynamics, e.g. explicit calibration, inertial pwertifa
impedance & elec(ro-]]lecl)  :lr)ical transfer- response, etc. As
experimentally observed and ciocumented to date [2], the
robot design allows relative positioning of tools wi[hin  25
microns precision over a IIellli-sllllerically continuous work
envelope of -400 cn~**3  (within which we nominally select
an -20 cn~**3  non-indexed, non-singular sul-gical work
volurnc). This initial positioning resolution is several times
better than that observed in the most exceptional and skilled
manual medical prmcedurcs  to ciatc -- e.g., benchmark vitrecr-
retinal and vascular micr-osurgical  manipulations of -50-100
micron tissue features.

Drive Unit Semrrabilitl: Autoclaving of the robot is
easily pcrfcmned  by rcrnovi  ng the nlotor/encoder units at the
base prior to sterilization; these unils can la[er be re-attached
in a cluick and simple prmceclure.  This has been accomplished
by integrating the rl~r)t(Jrs/crlco(lers into two distinct sets of
three on a common mount and registering these. packages via
alignmen(  pins. The resulting two motor  packages are
removed by undoing two screws and one connector on each
set. The remaining a r m  n~echanization can then be
autoclave. The two motor packages are reinstalled quickly
by simply reversing the removal procedure. In nornlal
opcr’ation the motors and gear drives are. contained inside the
robot’s base, thereby protecting (he sterile opcratin:  field. An
adcled advantage of separable motor-drive design is that
debugging of robot servo and kinematics controls can be done
~)hilc the lllotors ~llc 1)0[ ~l[t:lched  [(~ the, robot, facilitating
software  development (and sp:lri ng {he robot nlechanization
fmm darnagc. during initial con(rt)]  design trials).

7.e.ro/l,ow  Backlash: 1.(Jv htIcklmh (minimum free play)
is essential to finr motion control, especially when robot
sel-vo position sensors arc incx)rpomled dilcctly on the motor
shafts. l:ive of the robot’s  six dcgrccs  01’ freedom have zero
backl:ish and the sixth has :Ilx)ut  20 n~icrons.  ?’his has been
achicvcd  by using dual dl-ivc-tl-sins IINI[ arc pre-loaded
rela[ive to onc :Inothcr.  ~hL’SL’ dLI:Il drive-lr:iins arc coupled
together al only the motor shail and lhe joint oLIlput.  The steel
cables which actuate cwh j~lint :Ilso ;Ic[ m sprin:s  10 pi-e-load

the gear-train. The drive-truin’s pre-load  can be easily
adjusted by disengaging the motor, counter-rotating the dual
drives until the desired pre-load  is reached, and re-engaging
the motor. This also allows lol  easy cable adjustment if the
cables stretch with time. The onc robot axis that does not have
zero backlash results from OUI-  LISe of a wrist design that
makes low backlash possible, but zero backlash difficult,
particularly when stiction is a concern -- we comment further
below.

~w Stiction: master anti slave lrobot stiction (stick/slip
characteristic) must be minimized if the operator is to achieve
small incremental movements without overshooting or
instability. We have minimizcci  stiction in the RAMS slave
robot design by incorporating precision ball bearings in every
rotating location of the robot (pulleys, shafts, joint axes, etc.),
so as tc) eliminate metal-to-metal sliding, Due to severe size
and loading constraints, some of these bearings required
custom design. indeed, as noteci above, there is only one
location in the robot, a wrist axis, where such direct contact
exists -- simply because size constraints therein restricted use
of healings. In this case, we designed in a small amount of
backlash as a preferl-ed trade-oft against the less desirable
stiction effect. System level impact on the robot task space
relative. positioning specification (- I O microns) is minimal.

Lccourded .loints: mechanically decoupling the joints of
a robot simplifies kinematics and enabies  partial functionality
should one joint fail. The latter feature is important in medical
applications (along with reasonable back-drivability, which
the RAMS device also offers). In general, developing a six
axis, tendon-driven robot tixit has all joints mechanically
decoupled has proven difficult and curnbersc)me,  given such
a decoupling requires driving any given joint without
affecting any other’s motion. I’he J{AMS slave shoulder and
elbow joints incorporate a new double-jointed scheme (JPL
patent applied for, T. Ohm et al. ) that allows through-passage
of any number of distal joint activation cables completely
decoupled from the supporting joint’s actuation. We have
also develrrpcd  a IOISO ml] joint internal 10 the base motor
drive system that simply rota(cs the entire robot base to
eliminate coupling. I;inally. the ti]rcc axis wrist design we
have deve]opeci is, as noted :[bovc, based on a kinematic
concept miginatcd by M. Rosilcim [ 5 ]  (cfr-.  Ross-Hin~e
Designs, Inc., Minneapolis, h4N ) that not only clccotrples the
offset joints. but also has n{) singularities. Collectively, the
robot is nlechanic:t]ly robust lo sin:le  point failures.

1.orse Work Iinvelope:  A i~(rgc work volume is desirable
so that the al-m’s  base will no[ have to be repositioned
frequently during [asks. To achirvc this capability with
nlinirnum singularity, each Ioint needs to have a large range
of motion, ancl of’ LXJLII-SC,  well-co[)l~lit]iltcci kinematic design.
We designed the tom) roll Ioint ui[h I 65 degrees of motion
wilile both the shoulder  and clh(~w have a full 360 degrees,
enab]illg the above noted llcil~i-sl>l~cl-ic:illy  continuous work
envelope of -4(N cn)’i*3. Tlw l:Ir~c [-ange of motion in the
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shoulder and elbow is attained via the unique double-jointed
scheme also mentioned above. The wrist design (utilizing the
Rosheim concept) has 180 degrees of pilch and yaw with 540
degrees of roll. overall, such large joint motion ranges
greatly reduce the chance of a joint reaching a limit during
operation, facilitating both operability and safety factors.

High Stiffness: stiffness is imporlant to accurate robot
positioning under load, especially if position sensing is non-
collocated. When a robot changes orientation relative to
gravity, it will deflect due to its own weight and attached
tooling. Pose-dependent gravity effects can be compensated
in part, with burden of modeling, forward control, and
possible additional in-line sensor data. If environmental
contact forces act on the robot, it will deflect. If position
sensing is done at the motor drive, such deflections will not
in principle be known. This issue has not been well addressed
in microsurgical robot design, and needs to be if bone and
fibrous tissue proceclures, and/ol- image guided therapies are
of interest. F3. g., consider orological and cranial procedures
and/or carrying powc.red tools for either teleoperative or
supervisory automated minimally invasive procedures.
(Compliance, when desired, can be introduced actively or
through crroperat  i ve tooling). The mechanical stiffness of
RAMS arm is about 15 lb./inch at the tip. This high stiffness
has been achieved by using high spur geal- reductions off the
motors, combined with large diameter, short  path length
stainless steel cables ICI actuate each joint. The pitch and yaw
axes also include an additional 2:1 cable reduction inside the
forearm (near the joint) fo]- added stiffness.

Con~nact/l,i oht weisht: The restricted work-space of
most microsurgical and minimally invasive applications
strongly encourages a serial manipulator design of small
outel” diameter so as to minimize both geometric and visual
interference. As shown in Fig. 2, the RAMS arm prototype as
curt-ently scaled is about one inch in ciiameter and 25 cm long.
The robot base, containing the motor drives and electrical
intcrfaccs, has a 12 cm diameier and is 17.75 cm long. The
entire unit (arm and base) weighs about 5.5 lb. All electrical
cables connec(  to the bottom of the base so as to not protrude
into the robot’s workspace. ,:,,

Fine ]ncrcmen[al  h40t~:  As previously noted, human
clexterily  constrains surgical procedures 10 feature sizes of ,
about 50-to- I ()() micmns, ‘1’hc  RAN4S arm,  by vir[L)e  its
gearing, IOM,  backlash, low s(iction, high stiffness, et/. is
designed to achicvc 10 microns l-e]ativc positioning, This
mcarrs tha~ the manipu]atoi-  ideally can make repeatable
incremental slcps of 10 ]nicrons.  Conversely this LIocs not
necessarily mc.an that the al-n] is repca[able  to within 10
microns abso[Llte position accLlracy (as yet Llllcll:lr:lcterizccl).

\fi >.
Tool Wiring  ]’mvisions:  As noted in,/cal-liel discLtssion,

there are a  v a r i e t y of Illicro-:ll]cl-llli llilll:llly invasive
proccdums  wherein medical Itx)ls mqLliring  elccll-ica] and
pncLlmatic power, optical transfcl-cnrc, suction, etc. will be

utilized. We have designed the RAh4S arm so as to enable
passing internally, from the base fixture to the arm’s tip
(where the tool is mounted), a limited amount of such power,
optical, air, and fluid feeds. This inner passageway is about
.35 cm in diameter (minimum dimension at the wrist) and
exits through the center of’ the tooling plate. Note this design
approach is far preferable to an external routing that interferes
with robot workspace ancl i ntrod Llces potential complications
to sterilization.

System Health & Safety: It is necessary to sense,
monitor, and control basic failure conditions (e.g., to
implement corl-ective motion control/braking actions). A
Programmable I>ogic  Device  (I’D) controls power and
braking relays through an optically isolated interface, and
allows fault detection and error recovery. The major features
of this electronic system lie in four principal areas: 1 ) power
up and down button, manual stal-t-stop  buttons to switch
motor “power from a brake mode to control mode, panic
button to stop motors, and brake relay fault detection, 2)
watchdog timer f:iult detection to insure control processors
are functioning, 3) amplifier power supply & fuse fault
detection, and 4) P1.D logic fault detection.

3.2 Robot Control and Computing Architecture

We have implemented operator interaction with the above
slave robot for functional chcckoLi( and preliminary testing
through a simple graphics user interface (GUI). This GUI
resides on a UNIX engineel-ing  workstation that is also the
host for a VxWorks  control envil-onment  subsequently
discussed. The VxWorks  breed leal-tirne task & joint
controls in turn execute on a h4C 68040 processor board
installed in a VME chassis. A I)clta Tau Data Systems PMAC
controller, also running on the VME chassis, servos the six
axes of the robot by clirectly reading the robot sensor outputs
and driving the motors throug}~ amplifiers.

We built the GUI fmm X Win(iows and CLSF/Motif
libraries and have integrated a number of C, UI-driven
demonstration modes to show and evaluate the robot
capabilities:
●

●

●

✎

manual joint conttm]: the user tnoves individual joints
manually by selcctinp but[ons  in a control window,
incremerrting and dccmncnting  a desireci joint position

autonomous joint control: the robot  moves each of its joints
in programme(i  simultaneoLis  lnotion between set limits
(sinusoidal test pallcrn)

[eleoperated:  the robot is controlled  either by using a
mouse to increment oi decrrmenl motion along single axes
of a viol-l(l-l-ef’el-ence(i cmmi i IILIIC f’rame, m by usi ng a
spacebal] lllpLlt  dCVi  CC to Silll  Llll:ill~OLISly  m o v e  21]1  SiX  aXM

of the ]mbot

dUtOll  OITIOLIS task conlrol: the r(lbol moves its enci effeclor
in pmgrammcd, coordinated silnullaneous motion along-
or-about one or more C[i!-(csi:il]-[lcl”lt~c(l axes,



.

Per above description, the slave test software  resides on a monitored a number of different f!ree  space, small motions
VhfE-based system. l~ig. 3 sketches the manipulator control within a 800 micron full -exlcnt reticle. The robot smoothly
flow used in the manual and autonomous world coordinate executed both small (micron) rrnd large (centimeter) free
frame-referenced test modes. space motion lr:ljectories.
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Fig. 3: Slave Manrjulator  Control F1OUJ (bench checkout and experimental testing)

The general scheme by which the operator currently
commands forward control to the robot is as follows: he/she
inputs to the system from the GUI and this input is passed
forward using the UNIX socket facility over an Ethernet link.
Data thus passed into the contl-o] system is specified as
desired changes in the robot tip position. We relate these
world frame tip coo]-dinate  changes to the commanded robot
joint motions through a Jacobian inverse matrix, which is
computed usirlg  the Spatial Opcrator Algebra deve]opcd by
RodrigLlcz et al. [8]; this inverse is then multiplied with the
input tip displacement vectol to cletermine a corresponding
joint position change vector. The primary acivantage afforded
by the Spatial C)perator  Algebra for this application is its
concise recursive formulation of the kinematics equations,
allowing rapicl software development and testing -- a simple
adciition of the jc~int pc)sition change vc.etor to the actual
position c~f the joints results in the desirecl joint positions for
the robot  The clesired joint positions al-e then clownloaded  to
the Ph4AC controller board wherein joint serve) control is
performed using a Pll> loop for each joint axis. In the manual
and autonomcms jc)int control tnocitx, the PMAC ccmtroller
corl-esponding]y  receives the Ioint position change vector as
its input. The vcctcw is addecl to the actLta] joint positions of
the robot ancl the resu]ting  vector is the clesireci joint pc)sition
vector sent to the servo control lcl.

3.3 Results of Preliminary “1’csling

On initial integration of the slave assemblies ancl drive
mechanisms, withou( benefit of significant mechanical
tuning or refilling, we obscrveci repeatable relative
posilionil~g  of the robot tip to 25 micl-ons  m less. This
measLII-emcmt,  clcxxmcmtcd in vidcmtapccl experiments [2],
was performcci  bc)th mechanically and opticatly. In the. former
case, we utili~.ccl calibrated n]cchanical  dial indicators on
[hree orthogonal axes of a wr-ist-til>-l~lotll]tecl  nccclle; for the
lrrt[er, wc utiliT.ccl a calibrated viewing ftcld n~icroscopr with
inlcgratecl  CCI) camera, a n t i  prt)gramm ccl and visually

We have conducted ad ho(’ comparisons in which
leading microsurgeons  perform free hand motions along-side
that of the robot under microscopic observation. It appears at
least a 3:1 scaling of best manual skills can be derived, given
an appropriate hand master interface.

4 Ongoing Work

Developing a micro-master to teleoperativcly ccmtml the
above slave manipulator is the m:ljor  focus of our present
work. We have recently completed a “master” design and
constructed a first wc)rkirrg prototype as shown in Fig. 4

Figure 4: RAMS  hfastcr  Controller (without case)

The RAMS master  is a six-axis inpLl[ device (Icft and right
hand syrnme~ric)  that is kinematicaliy similal  to the existing

s l a v e ,  vi7,.  a seria-link  nlwhanism  c o n s i s t i n g  of a t o r s o ,
shoulder, elbow, anti thremaxis wrist. We comment briefly


